Figure 1. Thalamocortical Synapses in Developing Barrel Cortex Exhibit Short-Term Depression over a Range of Frequencies (A) Summary data for EPSC amplitude (normalized to the amplitude of the first EPSC in the train) during a train of five stimuli at 10 Hz (n ϭ 45). Inset: an example response to train stimulation (stimulus artifacts digitally removed). (B-E) Summary data for trains at: (B)
pression was not associated with any change in conduc-1999). This is an age range that coincides with the critical tance in the postsynaptic neuron ( Figure 2A ). We have period for experience-dependent plasticity at thalamorecently reported that thalamocortical EPSCs are medicortical synapses in the barrel cortex (Fox, 1995) . ated by a fast AMPA receptor-mediated component and Stimulation of thalamocortical axons with brief trains a slow kainate receptor-mediated component that can at 10, 20, and 33 Hz produced a depression in the amplibe reliably separated using a double exponential fit of tude of excitatory postsynaptic currents (EPSCs) during the EPSC decay (Kidd and Isaac, 1999) . Using this the train ( Figures 1A-1C ) similar to that previously shown method of analysis, we found that ATPA caused a similar for thalamocortical synapses (Gil et al., 1997 (Gil et al., , 1999 . At depression in both the AMPA and kainate receptor-50 and 100 Hz, a depression in EPSC amplitude was mediated components of the EPSC ( Figures 2B and 2C ). also observed, which was very similar to that observed These findings suggest that ATPA (1 M) acts at a prefor the lower frequencies ( Figures 1D-1F) . Therefore, at synaptic kainate receptor at thalamocortical synapses this early developmental period, thalamocortical synand also has no effect on kainate receptors present on apses exhibit very similar dynamic properties over a the postsynaptic neuron. In further support of this, ATPA wide range of frequencies.
also caused a change in short-term plasticity during a 100 Hz train ( Figure 2D ). Together, these data are consistent with ATPA acting at a presynaptic kainate A Presynaptic Kainate Receptor Inhibits receptor to cause a decrease in the probability of gluta- Figure 3B ). This was due to a partial block of the postsynaptic kainate receptors underlying the kainate receptor-mediated component of the EPSC, but LY382884 (10 M) had no consistent effect on the AMPA receptor-mediated component of the EPSC (Figure 3B) . We then investigated whether LY382884 blocks the effects of ATPA. When ATPA (1 M) was applied in the presence of LY382884 (10 M), there was no depression in synaptic transmission ( Figure 3C) The effects of LY382884 were frequency dependent. LY382884 had less of an effect during the 50 Hz trains, causing a partial reduction in the depression by the fifth stimulus ( Figure 4D ). However, LY382884 had no effect on the depression in response to trains at 33, 20, or 10 Hz (Figures 4C and 4D) . The block of short-term depression at 100 Hz and 50 Hz by LY382884 cannot be attributed to its effects on postsynaptic kainate receptors for several reasons. (1) The effects of postsynaptic summation were removed during the analysis (see Experimental Procedures). (2) LY382884 partially blocks the kainate receptor-mediated EPSC, and this would produce an even greater depression due to reduced postsynaptic summation if the effects of postsynaptic summation were not removed.
We also performed experiments to investigate the mechanism of the depression at low frequencies. An inhibitory presynaptic mGluR regulates transmission at mossy fiber-CA3 synapses (Scanziani et al., 1997) . Therefore, we investigated whether the LY382884- involved in regulating transmission at developing thalaactivated instantaneously but is short lasting ( Figure 5A ). Therefore, only if the synapse is activated again within mocortical synapses.
Taken together, these data show that the presynaptic ‫01ف‬ ms are the effects of this component of depression evident ( Figure 5B ). In contrast, the slow component, kainate receptor at developing thalamocortical synapses can be synaptically activated but that it only regudue to its delayed onset and slow rise, only causes a small component to the depression during 100 Hz lates transmission at the highest frequencies tested (50 and 100 Hz). Interestingly, these frequencies correspond stimulation, which appears toward the end of the train of five stimuli. Therefore, removal of the rapid component to the frequencies of activity specifically associated in vivo with the activation of the whiskers (e.g., Nicolelis (simulating the effects of the LY382884) removes the depression at 100 Hz early in the train, leaving a small and Chapin, 1994). depression intact later in the train ( Figure 5C ). At 33 Hz, by the time each stimulus occurs, the pre-A Model of Short-Term Plasticity at Developing Thalamocortical Synapses ceding rapid component of depression has almost completely decayed ( Figure 5D ). Therefore, the depression We used modeling to further understand the mechanisms generating the depression over the 10-100 Hz is almost entirely mediated by the slower delayed mechanism at this and lower frequencies, and removal of frequency range ( Figure 5 ). The experimental data are well described by a model in which a single synaptic the rapid component has little effect on the depression ( Figure 5E ). Thus, the differences in the kinetics of onset activation produces two components of depression: one rapid, short-lasting, and kainate receptor-dependent and duration of effect of these two components produce a differential frequency-dependent regulation of transand the other delayed and long-lasting ( Figure 5A ). The kinetics of the fast component were modeled based on mission and accounts for the observed frequencydependent effects of LY382884 on the EPSC trains. the reported rapid activation of the presynaptic kainate receptor at the mossy fiber-CA3 synapse ( The properties of the autoreceptor are likely to be influenced by temperature. For example, the kinetics of the CA1 synapses (Davies and Collingridge, 1996). The blockade of the presynaptic kainate receptor was simureceptor are likely to be temperature sensitive, and the patterns of activity that can drive it may be influenced lated by removing the rapid component of depression.
In this model, the rapid component of depression is by temperature, since glutamate transport and diffusion has a strong temperature dependence (van der Kloot kainate receptor-mediated inhibition having more rapid kinetics at the higher temperature, so that its effects and Molgo, 1994). The experiments described so far were performed at room temperature; therefore, we perhave fully decayed by the time the next stimulus occurs at 50 Hz. formed an additional series of experiments at close to physiological temperature (34.5ЊC Ϯ 0.2ЊC) and tested whether the presynaptic kainate receptor was activated Developmental Regulation of the Presynaptic Kainate Receptor during repetitive synaptic activation under these conditions. We also extended our analysis to frequencies of Kainate receptor subunit expression is developmentally regulated in sensory thalamus and cortex (Bahn et al., up to 200 Hz, since, at this temperature, individual EPSCs could be resolved at these very high frequencies. 1994), and previous work has shown that postsynaptic kainate receptor function declines during the first postSimilar to room temperature recordings, EPSC amplitude depressed during trains, and this depression was natal week at thalamocortical synapses (Kidd and Isaac, 1999) . Therefore, we investigated whether the regulation uniform over the entire frequency range tested (10-200 Hz; Figures 6A and 6D ). LY382884 (10 M) had no effect of thalamocortical synapses by the presynaptic kainate receptor also exhibits a developmental profile. There on the short-term depression at 10, 20, 33, or 50 Hz ( Figures 6C and 6D) ; however, it blocked the depression was no developmental change in the depression for the trains at 10, 20, or 33 Hz during the first postnatal week at Ն100 Hz (Figures 6B and 6D) . Thus, the presynaptic inhibitory kainate receptor is activated by synaptically ( Figures 7A and 7C) . In contrast, however, the amount of depression caused by the 50 and 100 Hz trains dereleased glutamate at physiological temperatures at frequencies Ͼ50 Hz. These data are qualitatively similar creased after P5 ( Figures 7B and 7C) , such that by P7-P8, there was no depression in amplitude during a 100 to that obtained at room temperature except in that the autoreceptor does not regulate transmission at 50 Hz.
Hz train. This suggests that there is a developmental loss of This difference is most likely due to the presynaptic the functional presynaptic kainate receptor at thalamothe end of the first postnatal week, which corresponds with the end of the critical period for these synapses cortical synapses during the first postnatal week. To test this, we investigated the sensitivity of synaptic (Fox, 1995) , depression is absent for brief trains of activity at high frequencies (e.g., 100 Hz), but is unaffected transmission to pharmacological activation of the presynaptic kainate receptor during development. Consisat lower frequencies (10, 20, and 33 Hz). We present evidence that a kainate receptor located tent with a developmental loss of the presynaptic kainate receptor, the sensitivity of EPSCs (evoked by presynaptically at thalamocortical synapses is activated over a specific frequency range by synaptically released single-shock stimulation) to ATPA (1 M) decreased between P5 and P8, and ATPA no longer caused a depresglutamate. We have good evidence that the kainate receptor is located at a presynaptic, rather than postsynsion in EPSC amplitude by P7-P8 ( Figure 7D) et al., 2001a) . In the present study, we now presynaptic mGluR at mossy fiber-CA3 synapses (Scandescribe a kainate autoreceptor that inhibits glutamate ziani et al., 1997). However, in the present study, broadrelease. spectrum mGluR antagonists did not affect short-term Our data indicate that the presynaptic kainate recepdepression at thalamocortical synapses, providing evitor at thalamocortical inputs is rapidly activated by syndence against this mechanism. Another possible mechaptically released glutamate (within 5 ms) and has a anism is regulation of transmission by a heteroreceptor. short-lasting effect on transmission. The result of this GABA B receptors have been shown to regulate glutais that the effect of receptor activation is only evident matergic transmission at CA1 synapses in the hippoat frequencies Ն50 Hz and is greater the higher the campus ( also show in the present study that at physiological One possibility to explain the inhibition of release by temperatures, thalamocortical axons can support action the presynaptic kainate receptor at thalamocortical terpotentials at frequencies of up to 200 Hz. The depression minals is that it reduces the influx of Ca 2ϩ associated observed at these high frequencies is blocked by the with the action potential. This could be due to the recepkainate receptor antagonist, indicating that it is not due tor generating sufficient depolarization at the terminal to axon fatigue or refractoriness but, rather, the activato inactivate presynaptic voltage-gated Ca 2ϩ channels tion of the inhibitory presynaptic kainate receptor. All of and/or significantly reduce the driving force for Ca 2ϩ .
this suggests that in the neonate, the presynaptic kaiThe difference between mossy fiber-CA3 and thalamonate receptor could be activated by sensory-evoked cortical synapses in terms of the physiological effect activity. of presynaptic kainate receptor activation may reflect
The importance of the dynamic properties of syndifferences in the morphology of these two types of apses for information processing in cortical networks terminals. The depolarization produced by the current has only recently been considered (Abbott et al. tion of the sensory-processing network.
